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INTRODUCTION
In the second half of the 20 th century, plastics became one of the most universally used and multi-purpose materials. 1 The annual worldwide plastics production has increased 5% during the last 20 years with almost 300 million tons of synthetic plastics produced from petroleum resources in 2014. 2, 3 However, global utilization of plastics in large quantities results in environmental pollution and depletion of non-renewable natural resources. 1, 4 Therefore, the substitution of petroleum-based plastics with bio-based and biodegradable polymers (bioplastics)
is seen as an important transition because it will reduce the utilization of fossil fuels and the pressure on landfills. [5] [6] [7] Polylactic acid (PLA) and polyhydroxyalkanoates (PHA) are promising bioplastics as they can be made from renewable feedstocks, they can be composted or recycled, and their production processes may be more energy efficient, while preserving the stability, durability, and functionality of traditional plastics. [8] [9] [10] Currently, global bioplastics production is increasing almost 40 % annually with PLA and its copolymers occupying over 20% of the bioplastics market. These polymers have excellent properties including processability, transparency, biocompatibility, compostability and low toxicity. 11 PLAs are produced from renewable biomass using a combination of fermentative production of lactic acid (LA) and chemical polymerization. PLA is obtained primarily by ionic polymerization of lactide, a circular dimer of two lactic acid molecules, or directly from lactic acid by polycondensation. 12 Lactic acid has two optically active (chiral) forms: L-lactic acid and D-lactic acid. Therefore, PLA can exist in different isomeric forms (LL, DD, DL) and as copolymers with other polymers. In the 1960s, PLA found its first use in the medical field as a bio-absorbable and biodegradable material. 13 After 1980, growing environmental awareness, as well as rising costs and limited oil resources brought more attention to renewable and biodegradable materials like PLA. 9 There is now a rich literature describing the microbial degradation of PLA by fungi, actinomycetes, and bacteria (Pseudomonas, Staphylococcus, Burkholderia, Bacillus). 9, 14, 15 Waste plastics of all kinds that have reached the end of their useful life are disposed of in either a controlled or uncontrolled way in the terrestrial or aquatic environment. 9 To make most effective use of limited carbon resources, waste products must be reused or recycled.
Depolymerization of PLA and other polymers and reutilization of monomers for new plastic synthesis are attractive recycling options. Physical, thermal, and chemical depolymerization have been considered and sometimes implemented by industry. 9, 16 Enzymatic depolymerization is a rather new recycling approach that has several advantages including low energy consumption, mild reaction conditions, and the possibility for stereo-specific biopolymer degradation and enzymatic repolymerization of the resultant monomers. 9, 17, 18 The first report on the enzymatic hydrolysis of PLA by proteases was published by Williams in 1981. 19 Later, several lipases and esterases were reported to be active in PLA hydrolysis. [20] [21] [22] [23] When acid, neutral, and alkaline proteases were compared for the hydrolysis of the high molecular weight PLA, only alkaline proteases showed significant activity, whereas all commercial lipases were inactive. 24, 25 Subsequently, PLA degrading enzymes from different strains of Amycolatopsis were identified as proteases, the enzymes from Cryptococcus sp. strain S-2 and Aspergillus oryzae RIB40 as cutinases, whereas the Paenibacillus amylolyticus PlaA and metagenomic PlaM4 as lipases, and ABO1197 and ABO1251 from Alcanivorax borkumensis as esterases. 23, [26] [27] [28] [29] [30] [31] It has been shown that enzymatic degradation of PLA by proteinase K follows a surface erosion mechanism with the rate of hydrolysis proportional to the exposed surface. [32] [33] [34] [35] Most of these PLA degradation studies were performed using poly(L-lactic acid) (PLLA) as substrate, whereas only one report was published using poly(D-lactic acid) (PDLA)
demonstrating that proteinase K degraded PLLA, but not PDLA. 36 Gene cloning, mutagenesis, and protein purification. The ABO2449 and RPA1511 coding sequences (GenBank ® accession numbers YP_694169 and NP_946859 respectively) were PCR amplified using Al. borkumensis and R. palustris genomic DNA as the templates. The PCR products were cloned as described previously into a modified pET15b (Novagen) vector containing an N-terminal 6His tag. 37 The plasmids were transformed into Escherichia coli BL21 (DE3) Codon-Plus strain (Stratagene) as expression host. Recombinant proteins were overexpressed and purified to homogeneity (>95%) using metal-chelate affinity chromatography Analysis of polyester-degrading activity. To determine the polyester hydrolysis activity, emulsified PLA and other aliphatic polyesters were used as substrates. The polymer emulsions were prepared as described previously 40 Samples were taken at different time intervals, clarified using centrifugal filters with a polyethersulfone (PES) membrane (MW cut-off 10 K) and subjected to lactate measurement using a lactate dehydrogenase (LDH) assay 41 which enabled the detection of both D-and Lenantiomers of lactic acid with high sensitivity. In parallel, the 90 μl flow-through aliquots were treated with 10 M NaOH (10 μl) at high temperature (95 °C, 5 min) before lactate measurement in order to convert all oligomeric lactate products to monomeric lactic acid. While L-lactic acid dehydrogenase from rabbit muscle was purchased from Sigma-Aldrich (St. Louis, MO, USA), the D-lactic acid dehydrogenase (D-LDH3) from Lactobacillus jensenii 42 was heterologously expressed in E. coli and purified in our lab. Both enzymes were added in excess (500 μg/ml) to maintain the reaction rate in the first order with lactate concentration.
LC-MS analysis.
The analysis of the PLA depolymerization products was performed using reverse phase liquid chromatography 43 , coupled with mass spectrometry (LC-MS). Briefly, the aqueous phase of solid PLA10 depolymerase assays were collected, filtered by centrifugation and directly applied to the LC-MS instrument. The platform consists of a Dionex Ultimate 3000
UHPLC system and a Q-Exactive mass spectrometer equipped with a HESI source (all from Thermo Scientific). Control of the system and data handling were performed using Thermo Protein thermodenaturation studies. The thermostability of the enzymes was measured using static light scattering on a StarGazer instrument as described previously. 44 The protein % sucrose and 7 % glycerol, followed by cryoprotection in Paratone-N prior to flash freezing in liquid nitrogen. RPA1511 crystals belong to the orthorhombic space group I222, with the unit cell parameters a=80 b=87.4 c=93.7, α = β = γ = 90° (Table S5) . Data were collected at the beamline 19-ID of the Structural Biology Center, Advanced Photon Source, Argonne National Laboratory 45 , and processed using the program HKL3000. 46 The structure of RPA511 was determined by SAD phasing, density modification and model building as implemented in the HKL3000 software package. An initial model was rebuilt manually using the program COOT 47 and refined with the PHENIX 48 and REFMAC 49 programs. The final model was refined
to Rwork/Rfree =0.181/0.221, and it showed good geometry with no outliers in the Ramachandran plot. Data collection and refinement statistics are summarized in Table S5 . Electrostatic calculations of RPA1511 surface potential were performed using the PDB2PQR server and APBS program, and were rendered using Pymol. 50, 51 The atomic coordinates have been deposited in the Protein Data Bank, with accession code 4PSU.
RESULTS AND DISCUSSION
Screening of purified α/β-hydrolases for hydrolytic activity against PLA. To identify novel PLA degrading enzymes, we screened 90 purified uncharacterized hydrolases from sequenced microbial genomes using two high-throughput assays, an agarose gel-based solid phase assay, and a liquid turbidimetric assay. Both assays were performed with the poly (DL-lactic acid)
substrate PLA10 with uncapped (free) polymer ends and emulsified using Plysurf A210G as Purified ABO2449 and RPA1511 were also tested for hydrolytic activity against a range of emulsified PLA polymers and other polyesters with different molecular weights and enantiomeric compositions ( sequence similarity to each other (less than 30% sequence identity), which was limited to the catalytic triad residues and several hydrophobic residues ( Figure S2 ). We also analyzed the phylogenetic relatedness of ABO2449 and RPA1511 to the previously characterized PLA and PHB depolymerases including both protease-and cutinase/esterase-type enzymes as well as representative esterases and lipases from different families. 55 As shown in Figure S3 , both ABO2449 and RPA1511 clustered with the esterases from family V, which also include poly (3-hydroxyalkanoate) depolymerase PhaB from Pseudomonas oleovorans, whereas known esterase-type PLA depolymerases were associated with other phylogenetic groups ( Figure   S3 ). In the esterase family V, both ABO2449 and RPA1511 clustered with the poly (3-hydroxyalkanoate) depolymerase PhaB from Ps. oleovorans 55, 56 , but they belong to different subfamilies ( Figure S3 ). On the other hand, most of known PLA depolymerases including metagenome-derived PlaM4, PlaM5, PlaM7, and PlaM8, as well as the PLA depolymerase PlaA from Paenibacillus amylolyticus were associated with esterase family I, whereas the metagenomic PLA depolymerase PlaM9 belongs to esterase family VI ( Figure S3 ). Type II polyester hydrolyzing enzymes (lipase/cutinase-type) including PLA depolymerases are distributed across esterase families I, V, and VI and exhibit significant phylogenetic diversity. were clarified using centrifugal filters (MWCO 10 kDa), and monomeric lactic acid was analyzed using a lactate dehydrogenase assay. For the analysis of total lactic acid (monomeric and oligomeric) in flow-through fractions, aliquots were treated with 10 M NaOH (95 °C, 5 min) before lactate dehydrogenase assays.
Therefore, we also determined PLA depolymerization activity of RPA1511 and ABO2449 against solid PLA10 powder by measuring the amount of lactic acid produced using lactate dehydrogenase as a reporter enzyme. RPA1511 released significant amounts of lactic acid (as a mixture of monomers and oligomers) from solid PLA10 and degraded almost 40% of PLA within 36 hours of incubation ( Figure 2 ). In the absence of detergent, ABO2449 produced little lactic acid during this incubation time, but in the presence of 0.1% Plysurf A210G it quickly degraded solid PLA10 (90% conversion) to lactic acid ( Figure 2 ). We suggest that this detergent facilitates binding of ABO2449 to solid PLA, because the detergent showed no stimulating effect on the enzyme activity against the monoester substrate α-naphthyl propionate ( Figure S4 ). In contrast, the assays with α-naphthyl propionate revealed significant inhibition of the three enzymes by Plysurf A210G, Triton X-100, and Tween-20 at concentrations 0.1-0.5%. Compared to PlaM4, RPA1511 was more sensitive to the presence of detergents ( Figure S4 ) explaining the lower activity of this enzyme in agar-based screens with emulsified PLA (Figure 1 ).
The insoluble products of solid PLA hydrolysis by ABO2449 and RPA1511 were analyzed by gel permeation chromatography (GPC), whereas liquid chromatography -mass spectrometry (LC-MS) was used for the analysis of soluble reaction products ( Figure 3 , Figure S5 ). After two hours of enzyme incubation with solid PLA18, GPC analysis of the PLA particles dissolved in THF revealed the presence of one major PLA product for RPA1511 with number average molecular weight (Mn) of 186 Da, whereas two product peaks were found for ABO2449 (Mn compared to RPA1511. After incubation of enzymes with solid PLA10, the soluble reaction products were separated on a C18 column and analyzed using an Orbitrap MS system. As shown in Figure 3 , ABO2449
and RPA1511 produced similar sets of hydrolysis products including lactic acid monomers and oligomers with different chain lengths (n = 2-13). Longer PLA oligomers could not be reliably detected due to their low aqueous solubility. The observed mass-to-charge ratios of all products were in accordance with the expected theoretical values of detected molecules (Table S3 ).
Product analysis of solid PLA hydrolysis by ABO2449 and RPA1511 suggests that like other hydrolases active against polymeric substrates (e.g. nucleases and proteases), ABO2449 and RPA1511 can potentially exhibit both exo-and endo-esterase types of cleavage. This is supported by significant activity of both enzymes against both emulsified and solid PLA10
substrates with the decanoyl-capped alcohol, or acid, or both polymer ends (0.3% to 32% of that with uncapped PLA). This is in accordance with previous reports on PHB and PLA degrading enzymes suggesting the presence of both endo-and exo-type of hydrolysis. 13, 32, 57, 58 In addition, our results indicate that in carboxyl esterases the ability to cleave insoluble substrates is not limited to lipases (family I), but can also be observed in carboxyl esterases from the family V.
Hydrolytic activity of ABO2449 and RPA1511 against monoester substrates. In addition to polyester substrates, both ABO2449 and RPA1511 were also active against a range of soluble naphthyl-and nitrophenyl-esters with different acyl chain lengths (C1-C5) with the highest activity against the C2-C4 substrates (Figure 4 ). Similar to our results with polyester substrates, ABO2449 was more active than RPA1511
( Figure 4 ). Using α-naphthyl propionate as substrate, both enzymes exhibited significant activity within a broad pH range (pH 7-11) with the maximal rates of hydrolysis at pH 9.5-10.0 ( Figure   S6 ). This is close to the optimal pH for PLA depolymerization reported for the esterase PlaA from Paenibacillus amylolyticus 23 , and proteases from Amycolatopsis sp. strain K104-1 28 and
Am. orientalis ssp. orientalis 59 . Both proteins retained significant esterase activity in the presence of up to 3 M NaCl ( Figure S6 ). While the maximal activity of ABO2449 was observed in the absence of NaCl, RPA1511 was slightly stimulated at 0.5 M NaCl, but higher NaCl concentrations were inhibiting. For practical applications, alkaliphilic and salt-resistant PLA depolymerases would be of particular interest, since they can be used for PLA depolymerization in combination with chemical catalysts. Both enzymes hydrolyzed α-naphthyl propionate within a broad range of temperatures, but had dissimilar temperature profiles ( Figure 5 ).
ABO2449 showed the highest esterase activity at 30-37 °C, whereas for RPA1511 the optimal temperature was 55-60 °C. At 5 °C, ABO2449 retained 32% of its maximal activity (observed at 30 °C) suggesting that it is a cold-adapted esterase, which is consistent with the ability of Al.
borkumensis to grow at 4 °C. 60 Compared to ABO2449, RPA1511 retained higher activity at 55-65 °C that is typical for mesophilic esterases ( Figure 5 ). The temperature profiles for esterase activity of ABO2449 and RPA1511 correlated with their overall thermostability determined by measuring protein aggregation as a function of temperature. These assays revealed a significantly lower thermostability of ABO2449 (Tagg = 32.3 ± 0.5 °C) compared to that of RPA1511 (Tagg = 70.8 ± 0.5 °C) which is in accordance with the observed psychrophilicity of the former. To further characterize the substrate range of ABO2449 and RPA1511, the purified proteins
were screened against a library of 86 soluble monoester substrates using a pH shift assay (Table S1 ). Both enzymes exhibited significant esterase activity toward different alkyl and aryl esters ( Figure 6 ). RPA1511 showed the highest activity against tricaprylin (C8 acyl chains) and tricaproin (C6 acyl chains), whereas ABO2449 preferred tributyrin (C4). Both enzymes were also active against several halogenated alkyl and aryl esters ( Figure 6 ). The enantioselectivity of the two enzymes was evaluated using 8 pairs of stereo-isomeric monoesters as substrates (Table   S1 ; substrates 1-10, 44-49). Only RPA1511 showed activity against (1R)-(−)-neomenthyl acetate, suggesting a preference toward (R)-enantiomers ( Figure 6 ). The crystal structure of RPA1511 also revealed a Ser hydrolase catalytic triad with the nucleophilic Ser114 located on the classical nucleophilic elbow that is a short loop connecting the β5 strand and α4 helix ( Figure 7 ). The RPA1511 catalytic triad also includes His270 (3.4 Å from Ser114) and Asp242 (2.7 Å from His270) ( Figure 7D ). Based on a classical Ser hydrolase mechanism, the nucleophilic Ser114 is deprotonated by the His270-Asp242 general base and attacks the carbon atom of the ester bond carbonyl group. The produced tetrahedral intermediate-1 is stabilized by hydrogen bonds with the RPA1511 oxyanion hole, which based on the RPA1511 structure appears to include the main chain NH groups of Ala115 and Thr48 (3.1 Å and 5.2 Å to Ser114, respectively). As shown in Figure 7 , the substrate acyl-binding pocket of RPA1511 is located to the right of the catalytic Ser114 and includes several hydrophobic residues (Ile245, Val249). The larger alcohol-binding pocket is positioned to the left of Ser114 and contains both hydrophobic and polar residues (e.g. Thr48, His113, Phe169, Tyr198, Val202, Leu212). Since crystallization trials with purified ABO2449 were unsuccessful, a homology model of this enzyme was generated using the protein structure prediction server Phyre2 63 , which suggested that its catalytic triad includes Ser120, His275, and Asp247 ( Figure S7 ).
The RPA1511 structure also revealed the presence of an additional electron density in the active site located close to the catalytic Ser114 Site-directed mutagenesis identified residues important for PLA hydrolysis. To provide insight into the role of the RPA1511 and ABO2449 residues in the hydrolysis of polyester substrates, we performed site-directed mutagenesis (alanine replacement) of the active site residues. The mutated proteins were purified and analyzed for hydrolytic activity against two substrates, α-naphthyl propionate ( Figure 8A , 8B) and emulsified PLA10 on agarose plates ( Figure 8C, 8D) . In addition to the catalytic triad residues, site-directed mutagenesis identified several other residues, which were important for the hydrolysis of both substrates including His113, Leu182, and Tyr198 in RPA1511 and Leu32 and Leu249 in ABO2449 (Figure 8 ). In the RPA1511 structure, the side chain of His113 is located close to the catalytic Ser114, whereas the side chains of Leu182 and Tyr198 are part of the alcohol-binding pocket suggesting that these residues contribute to binding of both monoester and polyester substrates. We also identified a number of mutant proteins retaining the wild-type or slightly reduced activity against both substrates (RPA1511: Y144A, F169A, L212A, R243A, and I245A; ABO2449: M144A, L163A, M183A, F219A, and P302R). Interestingly, RPA1511-V202A showed a significantly higher activity against PLA and lower activity toward α-naphthyl propionate compared to the wild type protein suggesting that the Val202 side chain might interfere with PLA binding. Most importantly, site-directed mutagenesis revealed the residues that were essential for PLA hydrolysis, but not required for activity against α-naphthyl propionate (Figure 8 ). In RPA1511, these residues include Thr48, Gln172, Arg181, Leu212, Met215, Trp218, Leu220, and Lys252, whereas Phe38 and Leu152 were identified in ABO2449 (Figure 8 ). In the RPA1511 structure, four of these residues (Thr48, Gln172, Met215, and Trp218) are in direct contact or close to the bound polyethylene glycol ligand (PLA analog) suggesting that these residues are likely to be involved in PLA binding. Although the other three residues (Arg181, Leu220, and Lys252) were not in direct contact with the bound PEG ligand, they might potentially contribute to the binding of longer PLA molecules. Thus, the active site of RPA1511 includes several hydrophobic, polar, and charged residues, which can establish hydrophobic or H-bond interactions with the PLA side chain methyl and carbonyl groups. Sequence analysis revealed that Leu212, Met215, Trp218, and Leu220 showed significant conservation and are present in many uncharacterized proteins.
However, these residues could not be identified in the sequence of ABO2449, suggesting a different mode of PLA binding for this protein.
Analysis of the crystal structures of the PHB depolymerases from Penicillium funiculosum 65 and Paucimonas lemoignei (PhaZ7) 66 revealed the presence of conserved tryptophan residues in their active sites (Trp310 and Trp287, respectively), which appear to be involved in polymeric substrate binding. However, the role of these Trp residues in PHB hydrolysis has not yet been investigated. In contrast, no homologous Trp residues were found in the active sites of many carboxyl esterases and lipases, for which PLA degrading activity has not been reported (e.g.
PDB codes 1I6W, 4LIP, 4X6U, 3GUU, 4CCW, 3I6Y). This suggests that the RPA1511 Trp218 and homologous Trp residues in the active sites of PHB depolymerases play an important role in the coordination and hydrolysis of the polyester substrate. We propose that for some α/β-hydrolases the presence of similarly positioned Trp residues in the active sites might represent a structural motif for the potential hydrolytic activity against polyester substrates. Additional biochemical and structural studies are in progress to verify the role of conserved Trp residues in the active site of PLA depolymerases and to provide further insights into the molecular mechanisms of enzymatic hydrolysis of polyesters.
CONCLUSIONS
We have identified two highly active novel microbial carboxyl esterases ABO2449 and RPA1511 that can efficiently hydrolyze PLA and other polyesters, as well as soluble monoester substrates. In contrast to proteinase K which is active against L-PLA 19 , both ABO2449 and RPA1511 appear to be specific for D,L-PLA as they showed no activity against either L-PLA or D-PLA (Table 1 ). ABO2449 completely degraded both emulsified and solid PLA substrates within several hours or two days (over 90% conversion). The crystal structure of RPA1511
revealed the presence of a polyethylene glycol molecule bound in the active site close to the catalytic Ser114, likely mimicking the bound PLA substrate (Figure 7, 8 ). The position of bound ligand in the RPA1511 active site and analysis of the PLA hydrolysis products suggest that this enzyme can perform both endo-and exo-esterase cleavage of PLA. Using structure-based sitedirected mutagenesis, we identified several residues of RPA1511 that were essential for PLA hydrolysis, but not required for activity against a soluble monoester substrate. These residues represent a potential structural motif for PLA binding, and further characterization will help to narrow the search for novel PLA depolymerases based on sequence analysis.
PLA and its copolymers are man-made, and thus not natural substrates for microbial esterases.
PLA hydrolysis activity stems from enzyme promiscuity which is important for the evolution of novel enzymes in nature and for biotechnological applications. [67] [68] [69] Global genome and metagenome sequencing efforts generated millions of genes with unknown function. Enzymatic screening of uncharacterized proteins from sequenced genomes for hydrolytic activity against unusual polyester substrates is bound to reveal many new depolymerases with interesting properties for potential applications in plastics recycling, and provide additional sequence and structural features to narrowing the search for new activities.
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